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Abstract
In this paper, a high-performance, wearable thermoelectric generator (TEG)
was  fabricated  with  a  highly-aligned  carbon  nanotube  (CNT)  sheet.  The
aligned CNT sheet exhibits extraordinary electrical conductivity compared to
disordered CNT sheets and also can be directly fabricated as a continuous
TEG  without  metal  electrode  interconnects.  This  provides  a  significant
reduction in contact resistance between TE legs and electrodes compared to
traditional TEGs, resulting in higher power output. In addition, the continuity
of  the  module  without  any  disconnected  parts  provides  high  degrees  of
mechanical  stability  and  durability.  This  robust  and  scalable  approach  to
flexible TEG fabrication paves the way for CNT applications in lightweight,
flexible, and wearable electronics. 
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Introduction 
Soft thermoelectric (TE) materials can be used for the fabrication of flexible
energy  converters  with  conformal  geometries  and  are  highly  promising
materials currently enabling a new portfolio of TE applications.1 Among them,
carbon  nanotube  (CNTs)  based  TE  devices  have  attracted  considerable
attention because of its potential for high electrical conductivity,2-3  as well as
its ability to fully recover from severe bending or compression.4 Additionally,
the carrier concentration and carrier types of CNTs are easily controlled by
chemical doping5 providing a great platform to utilize them as electrical legs
for flexible/wearable TE applications. Yet while researchers have been able to
report promising papers on CNT composite films,6-9 doping and fabrication
techniques,10-14 and TE applications,6 their commercial viability as flexible TE
devices is lacking due to insufficient performance.
For example, the typical power output of flexible CNT-based TE devices (μW
scale)  is  still  several  orders  of  magnitude lower than their  bulk inorganic
counterparts  (mW  scale)  such  as  Bi2Te3-Sb2Te3.6,  15-18 Fundamentally,  a
number of factors must be overcome to achieve higher performances. The
poor  TE properties  observed in  CNTs derive from the metallic  conduction
behavior of CNTs in bulk even though the bulk mixture is typically comprised
of  both  semiconducting  and  metallic  CNTs.19 As  a  result,  the  Seebeck
coefficient  (S)  of  typical  CNTs has so far  been limited to 70 μV/K.6 Many
researchers  are  currently  attempting  to  solve  this  issue  by  separating
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semiconducting and metallic nanotubes.20-22 Another obstacle is that the as-
reported  CNT systems necessarily  require  additional  electrode deposition,
where  typical  metal  electrodes  such  as  Cu  and  Ag  form  poor  physical
contacts  and  energetic  mismatches  with  CNTs,  resulting  in  non-ohmic
contacts.18,  23-24 Therefore,  the  circuit  resistance  of  the  as-reported  TE
generators  (TEGs)  based  on  CNTs  is  much  higher  than  theoretical
expectations despite the very low resistance of the CNTs themselves. These
factors compounded together translates into overall poor TE performance of
CNT  modules.  Further  complicating  their  use  as  electronic  devices,  the
electromechanical properties of CNTs are prone to deterioration over time
from decreased  adherence  between  the  electrodes  and  functional  legs.25
Resultingly, low performance and the lack of mechanical durability between
contacts remain a significant barrier for commercial viability and widespread
deployment.  
To  address  these  issues,  we  have  previously  proposed  a  continuously
fabricated pure CNT yarn TEG with high performance and robustness.26 This
flexible TEG (f-TEG) was innovative in that the long, single-thread CNT yarn
can be multi functionalized with  p- and  n-type legs and electrodes without
requiring additional deposition processes. This continuous module structure
is beneficial in minimizing the circuit resistance of the module, enabling both
high  performance  and  mechanical  stability.  In  this  paper,  we  build  upon
those initial results and take the next steps to design, fabricate, and optimize
a wearable  f-TEG based on a highly-aligned CNT sheet directly synthesized
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by floating catalyst chemical vapor deposition (FCCVD).27 Due to the highly-
aligned structure of the CNT web, the present CNT sheet exhibits superior TE
properties in comparison to the disordered CNT sheet. A facile solution-based
chemical doping technique was used to make both p- and n-type CNT sheets
and  to  create  the  continuous  CNT  module  without  additional  metal
electrodes.  This  innovative  continuous  module  design  is  beneficial  when
applied  as  a  f-TEG  because  of  improved  electromechanical  stability  and
durability, two crucial requirements for real-world application. 
For  a  systematic  study  of  minimizing  the  overall  circuit  resistance  and
maximizing their TE performance, we fabricated 3 different structures of TE
modules  with  various  CNT  sheets  and  compared  their  TE  performances.
Additionally,  we  fabricated  a  wristband-prototype  f-TEG  and  yield  a
maximum output  power  of  8  μW  when  exposed  to  a  50  K  temperature
gradient. We also demonstrated that this prototype  f-TEG enables effective
electrical generation from body heat. In conclusion, due to our highly-aligned
CNT sheet’s extraordinary electromechanical properties and its low density
(~0.4 g/cm3) compared to that of bulk inorganic Bi2Te3 (~7.86 g/cm3),26 the
present f-TEG possesses enormous potentials for wearable TE applications.
  
Experimental Section
Synthesis  of  CNT sheet.  CNTs  were  synthesized  by  a  floating catalyst
method as previously reported.26-27 Ferrocene, thiophene, and methane were
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used as a catalyst precursor, promoter, and carbon source for CNT synthesis
at 1200 °C, respectively. CNTs are highly integrated into aerogel-like forms
in a reactor. These aerogel forms can be continuously withdrawn from the
reactor at the bottom. The CNT sheet was prepared such that an aerogel was
directly wound on a cylindrical roller. All chemical reagents were purchased
from Sigma-Aldrich and used as received.  
Fabrication of flexible TEG. To fabricate the traditional design modules in
Figure 2a, 5 mg of commercial Single-walled CNTs (SWCNT, TNST grade,
Chengdu Organic  Chemicals  Co.,  Ltd  )  were  added in  100 ml  of  Ethanol
(Sigma-Aldrich)  and  dispersed  well  via  tip  sonication  for  30  min.  The
commercial SWCNT films were then prepared by vacuum-filtering the mixed
suspensions  through  cellulose  membrane  filters  (Milipore)  with  a  45-mm
diameter and 0.2 μm average pore size. For the fabrication of  traditional
module in Figure 2a and 2b, the vacuum filtered commercial SWCNT sheet
and as-synthesized CNT sheet were cut in the proper size (2 × 1 cm2). Then
5 of  the CNT sheets  were  p-doped with  a  FeCl3 ethanol  solution  (Sigma-
Aldrich, 2mM) for 30 min and another 5 CNT sheets were  n-doped with a
polyethyleneimine ethanol solution (PEI (MW = 600 g/mol), Sigma-Aldrich, 8
mM) for 30 min, followed by drying in ambient conditions. 5 pairs of p- and n-
doped CNT sheets were alternately connected in series by using silver paste
(Sigma-Aldrich).  Scotch  tapes  (3M)  were  used  as  insulating  layers.  To
fabricate the continuous module in Figure 2c, the as-synthesized CNT sheet
was  cut  in  the  proper  size  (20 × 1  cm2)  and  p,  n-doped with  the  same
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dopants as detailed above. For accurate doping, 2 × 1 cm2 glass slides were
used to cover the un-doped area. The narrow un-doped regions between p,
n-doped areas are used as electrodes. After drying well, the CNT sheet was
folded at the un-doped regions and scotch tape was used as insulating layers
between the folded legs. 
Fabrication of the prototype TEG. The as-synthesized CNT sheet was cut
to a size of 20 × 1.5 cm2 and alternatively p, n-doped with the same dopants
and methods as detailed in the above section. We controlled the size of the
doped area for 1 cm and un-doped areas for 2 mm long. After drying well in
ambient conditions, the doped CNT sheet was woven into the as-prepared
Polydimethylsiloxane (PDMS, Sylgard 184) flexible support unit.  The PDMS
unit was prepared by using the homemade stainless steel mold in  Figure
S5.  The 9 pairs of  p,  n-doped CNT sheets were fabricated as a prototype
TEG.   
Characterization. The microstructural morphology of the synthesized CNT
sheet was investigated using high-resolution TEM (HR-TEM, JEOL, JEM-2100F)
and  field-emission  SEM (FE-SEM,  ZEISS,  MERLIN  Compact).  The  polarized
Raman spectroscopy (RAMANplus, Nanophoton) with a 532 nm laser and 2D
Wide-Angle  X-ray  Scattering  (WAXS,  Bruker,  D8  Discover)  were  used  to
quantify  the CNT alignment.  The intensities of  the  G-band were recorded
when the incident laser beam was placed parallel and perpendicular to the
longitude direction of the CNT sheet, and their ratio was used to describe the
alignment of CNTs. The TE properties of the as-prepared samples deposited
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on  glass  substrates  with  a  dimension  of  2×1  cm2 were  analyzed  by
measuring  electrical  conductivity  (σ)  and Seebeck coefficient  (S)  at  room
temperature.  The  in-plane  resistance  (R)  and  S  of  the  samples  were
simultaneously measured using a four-point probe TE measurement system
(TEP  600,  Seepel  instrument),  and  the  average  values  of  at  least  10
measurements  were  taken.  For  Seebeck  coefficient  measurement,  the
potential differences arising from temperature differences between the two
ends of the sample (0.5, 1.5, and 2.5 °C at one end, and -0.5, -1.5, and -2.5
°C  at  the  other)  were  recorded  and  the  corresponding  S was  calculated
based on the slope. These values were considered to be reliable when the
linear correlation (R2) of the measured potential differences was higher than
0.999.  The  carrier  concentration  and  mobility  were  determined  by  Hall
measurements (HMS-5000, Ecopia) with a 0.55 T and 1 mA, with an average
value of at least 10 measurements. The circuit resistance and open circuit
voltage of  module were measured by Keithley 2700 acquirement system.
Two  ends  of  a  module  were  connected  in  series  with  the  measurement
system. The output power of the module was measured using a homemade
system: by applying a current to a pair of Peltier modules, the bottom side is
cooled  and  the  top  side  is  heated.  The  temperature  at  each  side  is
automatically  controlled  by  a  temperature  controller  unit  (Wavelength
electronics, LFI-3751).  Metal heat sinks are equipped to maintain a stable
temperature gradient. For the demonstration of energy harvesting from body
heat, the digital multimeter (Extech instrument) was used to measure the
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circuit  resistance  and  Seebeck  voltage  of  the  module.  The  thermal
radiometric  camera  (OMEGA,  FLIR  E30)  was  used  to  record  the  thermal
image.
Results and Discussion 
Synthesis of highly-aligned CNT sheet
Floating catalyst chemical vapor deposition (FCCVD) used in this work has a
great  potential  for  production  of  large-area  CNT  sheet  with  excellent
electrical  and  mechanical  properties.  Figure  1a shows  the  schematic
illustration of  the synthesis process for the highly-aligned CNT sheet.  The
aerogel like CNT assembly is formed in a hot reactor and it is possible to
wind them up onto a roller continuously at the bottom of the reactor with
stable feeding of the catalyst precursor and carbon source into the reactor.
The  macroscopic  assembly  of  synthesized  CNTs  was  consisted  of  multi-
walled CNTs, having 5-7 walls with an outer diameter of about 15 nm, as
shown in Figure 1b. The as-synthesized CNTs contain small amounts of iron
catalyst  of  7.6  wt%,  as  can  be  seen  by  the  change  in  mass  from
thermogravimetric  analysis  (TGA)  shown  in  Figure  S1.  There  is  a   high
degree of alignment in the winding direction of CNT web, which is described
in Figure 1c and 1d, corresponding to heightened electrical properties. To
further study the aligned morphological structure, 2D WAXS measurement
was performed. In  Figure 1e and 1f, increased scattering intensity can be
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observed at certain points along the scattering ring. This higher degree of
intensity is indicative of preferential alignment corresponding to that specific
direction. This directionality is further confirmed through inspection of the
azimuthal  integration  of  (002)  showing  two  distinct  peaks.  This  clearly
demonstrates that the CNT sheet is highly aligned in the winding direction of
CNT  web.  The  polarized  Raman  spectra  in  Figure  S2 provides  further
evidence of  the  highly-aligned nature  of  the  as-prepared CNT sheet.  The
polarized  Raman  intensity  factor28 (IG∥/IG⊥,  the  ratio  of  G peak  intensity
parallel  to  the  Raman  laser  to  one  in  the  vertical  direction)  of  the  as-
synthesized CNT sheet is 1.48, stating that the CNT sheet is quite aligned
compared to a ratio value of 1 for disordered CNT sheet. As a result, the CNT
sheet synthesized by FCCVD has a high degree of alignment in the winding
direction of CNT web.
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Figure 1. (a) Schematic image of the preparation process of highly-aligned
CNT  sheet  by  FCCVD  (b)  HR-TEM  and  (c)  FE-SEM  images  of  the  as-
synthesized CNT and aerogel-like assembly. (d) Photo image of large area
CNT sheet (white arrows in c and d indicate the winding axis) (e) 2D WAXS
pattern and (f) azimuthal angle scan profile of (002) for CNT sheet. 
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Thermoelectric properties of highly-aligned CNT sheet
The performance of TE materials is evaluated by a dimensionless figure-of-
merit (ZT), which is defined as ZT=S2T/, where S is the Seebeck coefficient,
 is  the  electrical  conductivity,  and   is  the  thermal  conductivity,
respectively. For our system, we will discuss an increase in power factor (PF,
S2) rather than enhancement in ZT, due to difficulty in thermal conductivity
measurement of CNT thin film. Table 1 lists the TE properties including , S,
PF,  carrier  concentration  (n),  and  carrier  mobility  ()  of  various  vacuum
filtered CNT sheets prepared by commercial MWCNTs and SWCNTs, as well
as the present highly-aligned CNT sheet. 
Table 1. Thermoelectric properties of various CNT sheets at room temperature.
Transport parameters
Thickne
ss
(μm)
Electrical
conductiv
ity (S/m)
Seebec
k
coeffici
ent (μV/
K)
Power
factor
(μW/m∙K2
)
Carrier
concentrati
on
(1022/cm3)
Carrier 
mobility 
(cm2/
v∙s)
Vacuum filtered MWCNT
sheet 
(Disordered structure)
30 1300 8 0.1 0.05 0.08
Vacuum filtered SWCNT
sheet
(Disordered structure)
30 34400 42 61 1.14 0.48
FCCVD CNT sheet, in this
work
(Highly-aligned structure)
20 50600 56 158 1.01 0.88
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It is seen that the disordered vacuum filtered MWCNT sheet has a relatively
low    of  1.3  ×103 S/m compared to the SWCNT sheet  due to  its  low  n
~5.0×1020 cm-3 and μ~0.08 cm2/v∙s. On the contrary, it should be noted that
the highly-aligned CNT sheet synthesized by FCCVD shows a higher  of 5.06
×104 S/m despite being composed of few-walled CNTs similar to MWCNT.
From the measured n and μ of the SWCNT sheet and the as-synthesized CNT
sheet, it is apparent that the increased   of the as-synthesized CNT sheet is
predominantly due to the increase of μ. We attribute this notable increase of
μ to the better  interconnections  between CNTs as a result  of  the highly-
aligned structure. In addition, the as-synthesized CNTs by FCCVD have been
shown in literature not only to have a high aspect ratio but also to contain
fewer defects and impurities, such as amorphous carbon.27 These are well-
matched with the results that the  of the highly-aligned CNT sheet (~0.88
cm2/v∙s) is 11 times higher than that of the vacuum filtered MWCNT sheet,
and 1.8 times higher than that of the vacuum filtered SWCNT sheet. Here,
the  highly-aligned CNT sheet  shows a  higher  S  than the vacuum filtered
SWCNT sheet  with the decreased n,  which  generally  follows  the trend of
Mott’s relationship.29 However, both vacuum filtered SWCNT and FCCVD CNT
sheets  show an  increased  n  and  a  higher  S  compared  with  the  vacuum
filtered MWCNT sheet. This phenomenon might be related to the different
density of  state (DOS) and Fermi level  between SWCNT and MWCNT, but
further exploration would need to be done to detangle these complex effects.
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TEGs usually consist of p- and n-type legs electronically connected in series
and thermally connected in parallel to achieve maximum device efficiency.
However, it is generally accepted that pristine CNT shows  p-type behavior
because oxygen and moisture are naturally doped from the air.30 Therefore,
chemical doping is required to either improve the  p-type TE properties of
CNTs  or  achieve  n-type CNTs.  To  optimize  the  TE  properties  of  our  CNT
sheet, p- and n-type doping were achieved by a simple solution process with
suitable chemical dopants. Polyethylenimine (PEI) is a common yet effective
n-type dopant that can drastically change the property of CNT from p-type to
n-type.5 This is because physical adsorption of PEI on the CNT wall enables
the amine groups in the PEI to donate electrons to the CNT resulting in a
switch from p-type to n-type characteristic.31-32 For a p-type dopant, we chose
FeCl3, which induces a redox reaction between CNTs and FeCl3 causing the
Fe3+ ions to reduce to Fe.33-34 During the reduction process,  electrons are
extracted from the CNTs resulting  in  strong  p-type doping.  The chemical
structures of the p- and n-type dopants used in this study are illustrated in
Figure S3.  Table 2 lists the TE properties of  p- and  n-doped CNT sheets.
Both chemically doped CNT sheets show a dramatic enhancement in   with
little to no decrease of S, which is ideal for preparing functional f-TEGs with
lower internal resistance. 
Table 2. Thermoelectric properties of p, n-doped CNT sheet at room temperature.
Transport parameters p-doped n-doped
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CNT sheet
CNT
sheet
Thickness (μm) 20 20
Electrical conductivity (S/m) 81300 79000
Seebeck Coefficient (μV/K) 55 -57
Power factor (μW/m∙K2) 250 255
Carrier concentration
(1022/cm3) 2.08 1.08
Carrier Mobility (cm2/v∙s) 0.62 0.81
After  p-type doping, the  n increases while the   decreases slightly due to
enhanced carrier scattering. By  n-type doping, the CNT sheet successfully
demonstrated  n-type  behavior  but  showed  no  major  change  in  n and  .
Temperature-dependent  TE  measurements  of  p-  and  n-doped CNT sheets
were also performed in the range of 300-550 K and are shown in Figure S4.
The  σ of  both  CNT  sheets  decreases  with  an  increase  of  temperature,
indicating the metallic behavior of the CNT sheet. Additionally, the n-doped
CNT sheet shows a conversion from n- to p-type around 480 K, which is likely
due to the dissociation of PEI dopant at high temperature. After doping,  p-
and n-doped CNT sheets show a PF of 250 and 255 μW/m∙K2, respectively.
Continuous module design for minimizing circuit resistance 
Traditional TE modules are generally arranged in a way that the temperature
gradient is formed along the in-plane direction of each leg. However, more
modules are being designed so that a temperature gradient is formed along
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the cross-plane direction of each leg as it allows TE modules to be used in
diverse applications. Traditional materials with high rigidity and anisotropy
have restrictions to fabricate both module design, and the TE performance in
the cross-plane direction is less competitive than the in-plane ones in some
cases. Thanks to the flexibility and mechanical stability of the CNT sheet, our
system allows for a great degree of freedom when designing module type
and structure. Highly-conductive CNT sheets can not only act as the module
legs with proper doping but when undoped it could act as the connecting
electrode  as  well,  thus  enabling  innovative  module  design  such  as  a
continuous module electrically connected in series without metal electrodes.
This  creative  design  could  provide  not  only  mechanical  flexibility  and
durability but also TE performance enhancement through minimizing circuit
resistance.  For  the  systematic  study  of  this,  we  prepared  three  different
types of flexible TE modules with 5 pairs of alternating p- and n-doped CNT
sheets. Figure 2a, b, and c show the schematic images of them. The first
module  in  2a (module  A)  is  the typical  module  design with  stacked CNT
sheets  prepared  by  vacuum  filtration  of  commercial  SWCNT  dispersed
solution. Each doped CNT sheet was electrically connected in series by metal
electrodes (Ag paste). With the results in Figure S2, we concluded that the
vacuum filtered CNT sheet has a disordered structure with a low degree of
alignment. 
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Figure 2. Schematic images of traditional stacked module based on (a) disordered
SWCNT sheet, and (b)  aligned CNT sheet interconnected by using Ag paste,  (c)
proposed continuous module based on aligned CNT sheet without additional metal
electrodes.  Light-blue  and  silver  areas  indicate  the  insulating  layers  and  silver
electrodes.  Red and blue circles indicate  n-type dopant  (PEI) and  p-type dopant
(FeCl3). Comparison of circuit resistance (d), open circuit voltage (e) and maximum
output power (f) as a function of ∆T for the above three modules with 5 pairs of p-
and n-doped CNT sheets.
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Module B in 2b has the exact same design and fabrication method as Module
A, but was prepared using the highly-aligned CNT sheets. Module C in 2c
shows the continuous design based on the highly-aligned CNT sheets without
metal electrodes as we proposed. Additional  photographs of the prepared
modules are provided in Figure S5. For the comparison study, the ratio of
measured circuit  resistance and theoretical  circuit  resistance for  different
modules  is  calculated,  as  shown  in  Figure  2d.   The  theoretical  circuit
resistance of the module was calculated by simply summing 10 of the single
sheet resistances and neglects to take into account the impact of multiple
contacts. Module A and Module B show 250% and 373% increased circuit
resistance  compared  to  their  theoretical  circuit  resistance,  alternatively,
while module C shows a roughly equivalent circuit resistance compared with
the theoretical calculation. According to this model, module B and module C
should  theoretically  have  the  same  resistance  values  because  they  are
comprised of the same type of CNT sheet. However, there is a noticeable gap
between the expected and measured circuit resistances for module B and
module C, which is likely due to parasitic losses that arise when poor contact
is made between the metal electrode and the CNT sheet.  As is well known,
the  output  power  of  TE  module  is  mainly  determined  by  both  the  TE
properties  of  p-  and  n-type  TE  legs  and  the  internal  circuit  resistance,
especially at the interfaces, i.e. P = VI = V 2/¿ ¿, where V, I, and R are circuit
voltage,  current,  and  resistance,  respectively.  Theoretically,  P has  a
19
maximum value when internal and external resistances are exactly the same
(R∫¿=Rext ¿).
As shown in  Figure 2e and  2f,  although modules  B and C (with/without
metal  electrodes)  have  similar  open  circuit  voltage  values,  module  C
demonstrates  enhanced  power  output  due  to  it’s  minimized  circuit
resistance. When comparing modules A and C, module C exhibits a higher
output power due to its higher open circuit voltage and lack of electrode
interconnects.  In  summary, due to the intrinsically  high  S of  aligned CNT
sheet  and  the  minimized  circuit  resistance,  module  C  shows  the  highest
output  power  among the  three  modules.  The  maximum output  power  of
module  C  was  5.05  W  at  T=50  K  when  the  external  load  resistance
matches the internal  resistance of  the module,  which shows a 210%  and
355% enhancement compared to module A and module B, respectively. The
output power results of modules A, B, and C at various ∆T were also provided
in  Figure S6. In all cases, we can achieve the same conclusion discussed
above.  
Fabrication of prototype f-TEG 
In order to realize a freestanding f-TEG, we fabricated a flexible support with
PDMS by using a home-made stainless steel mold in Figure S7. By adopting
the continuous module design,  the doped CNTs sheet was woven into the
PDMS support unit to create a f-TEG device that is electrically in series and
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thermally in parallel. Eventually, the doped CNT sheets face inside and are
covered by the PDMS support unit. The undoped regions faced outside at the
top and bottom side of the module, acting as electrodes. Detailed fabrication
steps  are  explained  in  the  experimental  section.  Figure 3a displays  the
schematic structure of the prototype f-TEG, with a typical module consisting
of 9 p-n units shown in Figure 3b. The as-fabricated prototype f-TEG shows
excellent flexibility and durability due to the continuous design fabricated
with  a  single  CNT  sheet.  This  architecture  is  ideal  for  real-world
implementation because when the  f-TEG is exposed to strains or stress by
being bent or pressured, there are no physical interconnects at risk of failing.
To evaluate the power  generation performance of  the prototype f-TEG,  a
home-made  measurement  system  (Figure  3c) was  utilized.  Figure  3d
shows the performance of the prototype  f-TEG to demonstrate the energy
conversion potentials at different temperature  conditions. As expected,  the
open circuit voltage of the device increased in proportion to the applied T,
achieving a maximum output voltage of 23 mV at a  T=50 K. The output
power  was  also  measured
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Figure 3.  (a)  The  schematic  structure  of  the  prototype  f-TEG.  Light-blue  areas
indicate the PDMS supporting unit. Red and blue circles indicate n-type dopant (PEI)
and p-type dopant (FeCl3), respectively. (b) Photo image of the prototype f-TEG. (c)
Photo image of the measurement system for TE power generation performance (d)
Open circuit  voltage and maximum power output of  the prototype module as a
function of ∆T. (e) Output power versus current curve of the prototype module at
the 50 K of ∆T. Corresponding tests at different ∆T was given in SI. 
at T=50 K and is given in Figure 3e.  We obtained 8 μW for the maximum
output power with 17 Ω  of the load resistance, which is superior compared
to  previous  reports  in  CNT-based  flexible  TEGs.1,  6,  35 We  also  provided
additional output power results at various ∆T ranges (Figure S8). One of the
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great advantages of our continuous module design is that it is possible to
easily enhance the output power by both minimizing the circuit resistance
and expanding the number of p-n pairs in series. With proper design and
fabrication of the supporting unit, we can also increase the packing density
of  f-TEG and achieve higher power densities tailored to specific application
needs.
Demonstration of wearable TEG
Finally, to demonstrate the bio-thermal harvest of electricity by body heat,
we wore the prototype  f-TEG as a wristband, as shown in  Figure 4a. We
achieved 3.4 mV of electrical  potential  directly converted from body heat
without mechanical moving parts when the ∆T was ~7 K (as determined by
the inserted IR thermal image). It is noteworthy that the generated voltage
per  unit  weight  of  the  prototype  f-TEG  is  around  170  mV/g  due  to  the
lightweight nature of the CNT sheet, thereby only 9 g of CNT sheet is needed
for  generating  the  same  potential  of  1.5  V  that  a  standard  AA  battery
produces.  These  results  show  the  great  potential  for  powering  personal
wearable electronic  devices.  Moreover,  in  order  to  investigate the device
reliability  under  mechanical  stress,  we  measured  the  change  of  circuit
resistance of the module under the bending status. As can be seen in Figure
4b, there’s no significant increase (< 0.6%) of the circuit resistance, which
implies high flexibility  and electromechanical stability.  Furthermore,  the  f-
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TEG was repeatedly bent up 1000 cycles with a bending radius of 20 mm,
which  also  exhibits  a  stable  circuit  resistance  (<  2.3%).  Therefore,  the
present f-TEG is mechanically robust, providing opportunities to reconfigure
into  various  conformal  structures,  which  would  be  a  strong  benefit  for
harvesting bio-thermal energy.  
Figure 4. (a) Demonstration of bio-thermal energy harvesting from body heat. A
thermal IR camera image is inserted. (b) Resistance changes as a function of bent
cycles. The inserted images show the real measurement process. 
Conclusion 
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In summary, in order to transfer the outstanding electrical and mechanical
properties of CNTs into TE application, a light-weight, high performance, and
robust  f-TEG  has  been  fabricated.  The  highly-aligned,  free-standing  CNT
sheet imbues greatly improved electrical transport on both a microscale and
macroscale basis. A single CNT sheet can be fabricated as both p, n-type TE
legs and electrodes through facile solution doping processes, thus enabling
the production of an entire  f-TEG from a continuous sheet of material. The
continuity  of  the  material  provides  a  significant  reduction  in  contact
resistance between TE legs and electrodes compared to traditional  TEGs.
This  reduction  in  overall  device  resistance  translates  to  a  higher  power
output without a dramatic improvement in material performance. Based on
this concept, the prototype f-TEG with 9 p-n pairs yields the maximum output
power of 8  W at a 50 K temperature gradient.  In addition, its continuous
module structure without any disconnected parts provides high degrees of
mechanical stability and durability with little impact on device resistance.
Moreover, this module actualizes the potential for f-TEGs to act as personal
power devices harvesting energy from the human body. This ability stands
poised to not only revolutionize the widespread deployment of TEGs as a
whole, but also open new avenues for the development of a wide variety of
cutting  edge electronics  such  as  biosensors,  watches  and  other  personal
electronic devices that are hobbled by current power supply limitations.
Supporting Information
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Raman spectra,  TGA  curve,  XPS  measurement,  Thermoelectric  properties
measurement,  Photo  images  of  thermoelectric  module,  Thermoelectric
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